Abstract-To improve behavior, one must detect errors and initiate subsequent corrective adaptations. This action monitoring process has been widely studied, but little is known about how one may improve this aspect of cognition. To examine the relationship between cardiorespiratory fitness and action monitoring, we recorded the error-related negativity (ERN), an event-related brain potential believed to index action monitoring, as well as post-error behavioral indices of action monitoring from healthy young adults (18 -25 years) who varied in cardiorespiratory fitness. These measures were collected during the execution of flanker tasks emphasizing response accuracy or speed to better assess the specificity of any potential relationships between fitness and action monitoring. Higher fitness was associated with greater post-error accuracy and ERN amplitude during task conditions emphasizing accuracy, as well as greater modulation of these indices across task instruction conditions. These findings suggest that higher fitness is associated with increased cognitive flexibility, evidenced through greater change in action monitoring indices as a function of task parameters. Thus, fitness may benefit action monitoring by selectively increasing cognitive control under conditions where error detection and performance adjustments are more salient. © 2008 IBRO. Published by Elsevier Ltd. All rights reserved.
During the completion of difficult cognitive tasks, an additional ongoing cognitive process is utilized to monitor performance. This process, labeled action monitoring (Gehring and Knight, 2000) , is used extensively to identify instances of behavioral conflict or mistakes and direct subsequent behavior to correct these problems. Action monitoring is one example of the ability to guide thoughts and actions in a way consistent with internal intentions, termed cognitive control , and has been linked to the field of cognitive neuroscience through the assessment of the error-related negativity (ERN; Gehring et al., 1993; or error negativity; Falkenstein et al., 1991) .
The ERN is a component of the response-locked event-related brain potential (ERP), typically identified as either a reinforcement learning index of error detection (Holroyd and Coles, 2002) or an early indicator of response conflict in association with erroneous task performance (Yeung et al., 2004) . Electrophysiological dipole modeling has localized neural generators of the ERN to the anterior cingulate cortex (ACC; Dehaene et al., 1994; Herrmann et al., 2004; Holroyd et al., 1998; Miltner et al., 2003; van Veen and Carter, 2002) , with hemodynamic neuroimaging research providing additional support (Carter et al., 1998; Kerns et al., 2004) . Specifically, the ERN is believed to reflect the detection of conflict in the ACC (Botvinick et al., 2001; Carter et al., 1998; Yeung et al., 2004) or the transmission of a negative reinforcement learning signal to the ACC, so that the ACC may select the appropriate motor controller (Holroyd and Coles, 2002) .
Investigation of the ERN has uncovered a variety of factors that influence its amplitude. Task instructions stressing accuracy over speed (Gehring et al., 1993) and psychological factors, including obsessive-compulsive disorder , worry (Hajcak et al., 2003) , and self-efficacy (Themanson et al., 2008) have been associated with enhanced ERN amplitudes. Researchers have suggested that these findings are due to motivational factors associated with an increased importance or salience of errors (Gehring et al., 1993; Hajcak et al., 2005) . However, with regard to the manipulation of task instruction (i.e. emphasis on response speed vs. response accuracy), the conflict theory of the ERN (Yeung et al., 2004) suggests an alternative explanation, which bypasses the assumption of a motivational influence on ERN amplitude. In short, when accuracy is stressed, an increase in attentional focus on the target stimulus leads to a more rapid upsurge in post-error activation of the correct response, resulting in enhanced ERN amplitude (Yeung et al., 2004) .
Although the debate about motivational influences on ERN persists, it is clear that researchers have endeavored to uncover specific individual and task characteristics that not only affect action monitoring, but also improve its function in relation to behavioral adjustments following errors. The detection of errors and the subsequent refinement of behavioral problems are important for improving one's performance to successfully meet intentions and goals. Thus, the identification of any factors through which these action monitoring processes may be improved has implications for enhancing the quality of one's actions in demanding cognitive situations.
One individual characteristic that has been associated with enhanced performance on tasks requiring variable amounts of cognitive control is cardiorespiratory fitness . The examination of fitness is significant because it provides insight into a readily available, low-cost, and widely applicable means through which people may substantially improve their cognitive function (Kramer and Erickson, 2007) . The cognitive benefits of fitness are apparent in both behavioral Kramer et al., 1999) and neural (Colcombe et al., 2004; Hillman et al., 2005 Hillman et al., , 2006 indices of psychomotor performance, suggesting that a physically active lifestyle resulting in higher cardiorespiratory fitness may protect or enhance cognitive health and well-being across the lifespan (see Hillman et al., 2008 for a review). Further, fitness has been associated with variations in both prefrontal and ACC activation during speeded-response task execution (Colcombe et al., 2004) . Specifically, the beneficial impact of fitness appears to be strongest for aspects of cognitive function that involve extensive cognitive control (Colcombe and Kramer, 2003) and are supported by frontal and prefrontal brain regions (Colcombe et al., 2004) . Notably, during the completion of three cognitive tasks, aerobically fit individuals exhibited improved performance on task conditions requiring mental flexibility, response inhibition, and working memory, but no differences were present in less challenging task conditions (Kramer et al., 1999) . Thus, the beneficial effect of cardiorespiratory fitness on cognitive function was selective to cognitive control processes (Kramer et al., 1999) , which supports the notion that higher levels of fitness may be related to an enhanced ability to meet task demands through greater flexibility in the application of cognitive control. Determining the extent to which fitness relates to improved flexibility in the application of cognitive control, and the nature of that improvement, will help clarify what specific aspect(s) of cognitive control may be most affected by fitness. This remains unaddressed in the literature (Kramer and Erickson, 2007) , and has important implications for the use of fitness as a "treatment" to restore or enhance cognitive function.
In this study, we investigated the relationships between fitness and ERN amplitude, post-error accuracy, and posterror response time (RT) in conjunction with task instructions emphasizing either speed or accuracy to determine whether fitness was related to the ability to more flexibly implement cognitive control in response to specific task demands. A strengthening of the relationships between ERN amplitude and post-error behavior (accuracy, RT) with fitness when accuracy was stressed (compared with when speed was stressed) would indicate that higher fitness increases one's ability to flexibly modulate the recruitment and implementation of cognitive control in response to salient task parameters. This would be evidenced through a magnification of the early detection signal indexed by the ERN and a concomitant improvement in post-error behavioral performance (i.e. response accuracy following errors) when accuracy was stressed. In contrast, similar relationships between ERN amplitude and posterror behavior with fitness across task instruction conditions would suggest that fitness may be generally related to cognitive control, but does not facilitate greater flexibility in the implementation of cognitive control in support of error detection and post-error behavioral adjustments across variable task parameters. Table 1 lists participants' demographic and fitness information. Seventy-two healthy younger adults (between 18 and 25 years of age) were recruited from undergraduate kinesiology courses at the University of Illinois at Urbana-Champaign. Participants received extra course credit in exchange for their participation. Participants (nϭ4) with fewer than five errors in each task condition (i.e. accuracy, speed) were discarded from the analyses (Hajcak et al., 2005; Vidal et al., 2000) as were participants (nϭ4) who did not perform above 50% accuracy in each task condition and participants (nϭ2) who were outliers (i.e. more than 3 S.D. from sample mean; 23.0Ϯ11.4) on the body mass index (BMI) as evidence suggests a relationship exists between BMI and cognitive function (Cournot et al., 2006) . The study was approved by the Institutional Review Board of the University of Illinois at UrbanaChampaign.
EXPERIMENTAL PROCEDURES Participants

Behavioral task
Participants completed a modified version of the Eriksen flanker task (Eriksen and Eriksen, 1974) utilizing symbols that were either congruent (ϽϽϽϽϽ or ϾϾϾϾϾ) or incongruent (ϾϾϽϾϾ or ϽϽϾϽϽ) to the central target stimulus. The central target symbol "Ͼ" required a right-handed response and the central target symbol "Ͻ" required a left handed response. Thus, on congruent trials, the flanking symbols were identical to the target and did not require inhibition of the incorrect response mapping. Alternatively, on incongruent trials, the flanking symbols pointed in the opposite direction of the target, which was designed to elicit activation of the incorrect response mapping and lead to an increased amount of performance errors and response delays. Participants viewed a series of white stimuli on a black background presented focally on a computer monitor at a distance of 1 m. Symbols were 4 cm in height and were presented for 80 ms with an inter-stimulus interval (ISI) varying between 1000, 1200, and 1400 ms. The symbols were grouped into two task blocks, with a brief rest period between each block. One block was conducted under the instruction to respond as accurately as possible (i.e. accuracy instruction) and the other was conducted under the instruction to respond as quickly as possible (i.e. speed instruction). Each block contained 300 trials. Congruent and incongruent conditions were equiprobable and randomly ordered within each task block. Finally, the two 
Cardiorespiratory assessment
A maximal graded exercise test (GXT) involving the measurement of maximal oxygen uptake (VO 2max ) was used to assess cardiorespiratory fitness. Specifically, aerobic endurance capacity was assessed on a motor-driven treadmill by employing a modified Balke protocol (American College of Sports Medicine, 2005), which involved walking/running on a treadmill at a constant speed with increasing grade increments of 2% every 2 min. The test continued until the participants were unable to continue due to volitional exhaustion. Oxygen uptake was measured continuously using open-circuit spirometry (Parvomedics True Max 2400, Sandy, UT, USA). VO 2max is conventionally determined by the highest oxygen uptake that corresponds to at least two of the following criteria: a) a plateau in VO 2 values despite an increase in exercise intensity; b) maximal heart rate (HR) within 10 beats per minute (bpm) of the age-predicted maximum (220 bpm minus age in years); and c) a respiratory exchange ratio (RER) greater than 1.10. HR was monitored using a wireless Polar HR monitoring system (Polar Electro Oy, Kempele, Finland). VO 2max was measured from expired air samples taken at 30-s intervals until the highest VO 2 was attained at the point of test termination.
Neuroelectric assessment
The electroencephalogram (EEG) was recorded from 64 sintered Ag-AgCl electrodes embedded in an elastic cap, arranged in an extended 10 -20 system montage with a ground electrode (AFz) on the forehead. The sites were referenced online to a midline electrode placed at the midpoint between Cz and CPz. Vertical and horizontal bipolar electrooculographic activity (EOG) was recorded to monitor eye movements using sintered Ag-AgCl electrodes placed above and below the right orbit and near the outer canthus of each eye. Impedances were kept below 10 k⍀ for all electrodes. A Neuroscan Synamps2 bioamplifier (Neuro Inc., El Paso, TX, USA), with a 24 bit A/D converter and Ϯ200 mV input range, was used to continuously digitize (500 Hz sampling rate; Mathalon et al., 2003) , amplify (gain of 10), and filter (70 Hz low-pass filter, including a 60 Hz notch filter) the raw EEG signal in DC mode (763 V/bit resolution). EEG activity was recorded using Neuroscan Scan software (v. 4.3.1). Stimulus presentation, timing, and measurement of behavioral RT and accuracy were controlled by Neuroscan Stim (v 2.0) software. Offline processing of the ERN component included: eye blink correction using a spatial filter (Compumedics Neuroscan, 2003) , re-referencing to average mastoids, creation of response-locked epochs (Ϫ400 -1000 ms relative to behavioral response), baseline correction (100 ms time window that runs from Ϫ100 ms to 0 ms prior to the response; Yeung et al., 2004) , low-pass filtering (15 Hz; 24 dB/octave), and artifact rejection (epochs with signal that exceeded Ϯ75 V were rejected). Average ERP waveforms for correct trials were matched to error trial waveforms on RT and number of trials to protect against differential artifacts from any stimulus-related activity (Coles et al., 2001) . Matching involved selecting individual correct trials for each participant, without replacement, that matched the RT for each of the error trials for that individual. This procedure removes any differences that may exist in the timing of processing due to differences in response latency for correct and incorrect trials. Specifically, error trials tend to be associated with faster RT than correct trials (Falkenstein et al., 2001; Mathewson et al., 2005; Ridderinkhof et al., 2004; Yeung et al., 2004) . Thus, any artifacts associated with that RT difference are removed by selecting a subset of correct trials that match the RT of the error trials, and result in an equal number of matchedcorrect trials and error trials for each individual to compare differences across accuracy conditions. ERN was quantified as the maximum negative deflection between 0 and 200 ms post-response in each of these two average waveforms at FCz due to evidence that localizes the ERN at or near the ACC (Carter et al., 1998; Dehaene et al., 1994; Miltner et al., 2003) . Amplitude was measured as a change from the pre-stimulus baseline.
Task performance and assessment
Behavioral data were collected on reaction time (i.e. time in ms from the presentation of the stimulus) and response accuracy (i.e. number of correct and error responses) for all trials across task blocks. Errors of omission (non-responses to task stimuli) were categorized as incorrect responses for calculations of response accuracy, but these trials were not included in the creation of ERP waveforms due to the lack of a behavioral response. Multiple average response latencies were calculated for each participant within each instruction condition. Specifically, these latencies were calculated for: 1) correct trials, 2) error trials, 3) correct trials following an error trial (post-error RT), 4) matched-correct trials (the subset of correct trials matched to specific error trials based on RT described in the previous paragraph), and 5) correct trials following a matched-correct trial (post-matched-correct RT). Each participant's average post-error RT (#3) was compared with his or her average post-matched-correct RT (#5) due to the consistent finding that average RT on error trials is faster than average RT on correct trials. Thus, this comparison accounts for any effects of post-error slowing that are present simply because responses on error trials generally tend to be faster than responses on correct trials.
General procedure
For each participant, testing occurred on two separate days. Participants were recruited for the study to ensure a normal distribution of cardiorespiratory fitness levels as measured by VO 2max . This distribution utilized age-and sex-specific normative values of VO 2 (American College of Sports Medicine, 2005). Session 1 was used to complete the paperwork and maximal GXT utilized in this study. Following the completion of the informed consent form, the participants complete a handedness inventory (Chapman and Chapman, 1987) , the Kaufman Brief Intelligence Test (K-BIT; Kaufman and Kaufman, 1990) to provide an estimate of their intelligence quotient (IQ), a health history and demographics questionnaire, and had their height and weight measured to compute their BMI. After completing all of the questionnaires described above, participants then completed the GXT. This session lasted approximately 90 min, with the informed consent and paperwork accounting for 45 min, the GXT preparation and orientation accounting for 15 min, and the GXT, cool-down, and debriefing accounting for 30 min.
Session 2 consisted of the cognitive testing. Participants were prepared for neuroelectric assessment in accordance with the guidelines of the Society for Psychophysiological Research (Picton et al., 2000) . After acceptable EEG signals were observed, the lights were dimmed and participants were given task instructions. Participants were given the opportunity to ask questions and practice trials were administered prior to each task block. Following the completion of the last task block, the electrode cap was removed and participants were briefed on the purpose of the study. This session lasted approximately 120 min, with the EEG preparation taking approximately 40 min, task orientation, instruction, and practice taking 20 min, cognitive testing (with rest periods) accounting for 45 min, and participant clean-up and debriefing lasting approximately 15 min.
Data analyses
Primary analyses were conducted using multiple linear hierarchical regression analyses. The alpha level was set at PϽ0.05 for each individual analysis and all analyses included every participant in the final sample (nϭ62). Prior to hypothesis testing, bivariate Pearson product moment correlations were calculated between the dependent variables, fitness (VO 2max ), and all demographic factors (i.e. age, IQ, BMI). Any variable exhibiting a significant correlation with the dependent variable was included as a covariate in the first step of the multiple linear regression analyses (Miller and Chapman, 2001) . Sex was included in the first step of all regression analyses due to its established relationship with VO 2max (American College of Sports Medicine, 2005). Further, dummy coding was utilized for sex (0ϭmale, 1ϭfemale) to allow for the examination of sex differences in the dependent measures. Table 2 provides correlations among fitness, behavior, and dependent measures for each instruction condition.
Separate multiple hierarchical linear regression analyses were conducted for each dependent measure. Sex and any demographic factors (age, IQ, BMI) significantly correlated with the dependent measure were entered in the first step of the analysis and cardiorespiratory fitness (VO 2max ) was added in the second step of the analysis. Goodness-of-fit of the models was considered in terms of variance explained by the variables in the equation, expressed as R 2 . The increase in variance explained by the models was tested for significance after each step to establish whether fitness (VO 2max ) accounted for a significant proportion of the variance in the dependent measure.
RESULTS
Task performance
The mean (ϮS.D.) VO 2 score (mL/kg/min) for males was 51.2 (Ϯ7.4) with scores ranging from 41.7-65.7, which spans from the 30th to over the 90th percentile in relation to age-and sex-specific normative values of VO 2 (American College of Sports Medicine, 2005). For females, the mean (ϮS.D.) VO 2 score was 38.2 (Ϯ4.1) with scores ranging from 27.1-49.1, which spans from below the 10th to over the 90th percentile in relation to age-and sex-specific normative values (American College of Sports Medicine, 2005). Finally, all participants achieved a RER greater than 1.1 and maximum HR greater than 90% of their age-predicted maximum HR during the treadmill test used to measure their maximal oxygen consumption (VO 2max ) values, verifying that maximal effort was given in order to obtain a true and accurate measure of VO 2max .
In relation to overall task performance, individuals performed significantly more accurately (F(1, 61) (F(1, 61) ϭ681.7, PϽ0.001) during the completion of incongruent trials (meanϮS.D.ϭ77% correctϮ 9.5; 390 msϮ43.0) compared with congruent trials (meanϮ S.D.ϭ87% correctϮ7.3; 354 msϮ35.7). Fitness did not significantly add to the prediction of overall response accuracy or RT for either trial type in either instruction condition (Fs(1, 57) Յ2.0, PsϾ0.17; multiple hierarchical regression). Finally, Bonferronicorrected paired-samples t-tests conducted in both the speed and accuracy conditions verified the expected differences in error and correct RT (Falkenstein et al., 2001; Mathewson et al., 2005; Rabbitt, 1966; Yeung et al., 2004) , with errors being significantly faster than correct trials in both the accuracy condition (t(61)ϭ18.7, PϽ0.001; error RT meanϮS.D.ϭ323 msϮ 44.9; correct RT meanϮS.D.ϭ391 msϮ42.2) and the speed condition (t(61)ϭ20.5, PϽ0.001; error RT meanϮS.D.ϭ294 msϮ36.7; correct RT meanϮS.D.ϭ352 msϮ40.1).
ERN
A multivariate repeated-measures ANOVA (Rodríquez-Fornells et al., 2002) was conducted on ERN amplitude to verify that these data conformed to the expected topography and trial effects. Analyses revealed the expected significant and largest trial effect (ERN amplitude larger on error vs. correct trials) at FCz, (F(1, 61)ϭ78.6, PϽ0.001), with smaller but significant effects at surrounding sites, Fz (F(1, 61)ϭ33.7, Pϭ0.001), Cz (F(1, 61)ϭ22.4, Pϭ0.001), and Pz (F(1, 61)ϭ7.1, Pϭ0.01). Accordingly, all subsequent analyses involving ERN use amplitude scores from the error trial waveforms at FCz (Falkenstein et al., 2001; Themanson et al., , 2008 . Fig. 1 provides grand-averaged waveforms by instruction condition (accuracy, speed) and response accuracy (error, correct) at FCz.
To verify the established relationship (Falkenstein et al., 1990 (Falkenstein et al., , 2000 Gehring et al., 1993; Yeung et al., 2004) between ERN amplitude and instruction condition (accuracy, speed), a paired-samples t-test was conducted that 
7).
To assess the relationship between fitness and ERN amplitude, multiple hierarchical regression analyses were conducted regressing ERN amplitude in each instruction condition on sex, entered in the first step, and fitness, entered in the second step. Under accuracy instructions, the overall regression model was marginally significant (R 2 ϭ.09, F(2, 59)ϭ2.89, Pϭ0.06), with no significant effect for sex in the first step, but a significant fitness influence in the second step, ⌬R 2 ϭ.09, F(1, 59)ϭ5.71, Pϭ0.02, suggesting that higher fitness was associated with larger ERN amplitude independent of sex. Under speed instructions, the overall regression model was not significant (R 2 ϭ.07, F(2, 59)ϭ2.22, Pϭ0.12), with no significant relationship present for sex in the first step or fitness in the second step, ⌬R 2 ϭ.01, F(1, 59)ϭ.53, Pϭ0.47, suggesting fitness was not related with ERN amplitude in the speed condition. Table 3 provides a summary of these regression analyses.
An additional multiple hierarchical regression analysis was conducted to examine the difference in ERN amplitude across instruction conditions, with ERN amplitude in the speed condition subtracted from ERN amplitude in the accuracy condition for each participant due to the finding that ERN amplitude is greater in the accuracy condition. This analysis tested the possible relationship between fitness and one's ability to flexibly modulate the cognitive control of action monitoring in accord with specific internal intentions. A larger value indicates a greater difference in ERN amplitude across the accuracy and speed instruction conditions. The overall regression model was significant (R 2 ϭ.18, F(2, 59)ϭ6.26, PϽ0.01), with both a significant effect for sex in the first step (adjusted R 2 ϭ.07, F(1, 60)ϭ5.70, Pϭ0.02) and a significant fitness influence in the second step, ⌬R 2 ϭ.09, F(1, 59)ϭ6.32, Pϭ0.01, indicating that being male and possessing higher fitness were both associated with greater modulation of ERN amplitude across task conditions. Table 4 provides a summary of this regression analysis.
Corrective behavioral actions
To verify the hypothesized response slowing on trials following an error, Bonferroni-corrected paired-samples t-tests were conducted for each instruction condition comparing error RT to post-error RT. In the accuracy condition, results indicated significantly longer post-error RT (t(61)ϭ17.5, PϽ0.001; meanϮS.D.ϭ392 msϮ48.8) compared with error RT (meanϮS.D.ϭ323 msϮ44.9). Further, a significant effect was present comparing post-error RT to post-matched-correct RT (t(61)ϭ7.2, PϽ0.001). In particular, post-error RT (detailed above) was significantly longer than post-matchedcorrect RT (meanϮS.D.ϭ367 msϮ41.3).
In the speed condition, a similar pattern of findings was revealed when comparing error RT to post-error RT. Specifically, results indicated (t(61)ϭ20.6, PϽ0.001) significantly longer post-error RT (meanϮS.D.ϭ368 msϮ45.7) compared with error RT (meanϮS.D.ϭ294 msϮ36.7). Analyses comparing post-error RT to post-matched-correct RT revealed a significant Accuracy effect (t(61)ϭ10.1, PϽ0.001), with longer post-error RT compared with postmatched-correct RT (meanϮS.D.ϭ333 msϮ40.4). To assess the relationship between fitness and corrective post-error behavior, multiple hierarchical regression analyses were conducted regressing indices of post-error behavior (post-error accuracy, post-error RT) in each instruction condition on sex and overall task performance (accuracy, RT) entered as covariates in the first step, with fitness entered in the second step.
The overall regression models for accuracy instruction (R 2 ϭ.49, F(3, 58)ϭ18.29, PϽ0.001) and speed instruction (R 2 ϭ.65, F(2, 63)ϭ61.21, PϽ0.001) conditions were significant as both analyses revealed the expected significant effect for overall accuracy in the first step of the regression. In the accuracy instruction analysis, a significant fitness influence was present in the second step, ⌬R 2 ϭ.06, F(1, 58)ϭ6.30, Pϭ0.01, suggesting that higher fitness was associated with greater post-error accuracy in the accuracy condition. Under speed instructions, no significant fitness influence was present (⌬R 2 ϭ.01, F(1, 58)ϭ.65, Pϭ0.42) in the second step. Table 5 provides a summary of these regression analyses.
In analyses of post-error RT, the overall regression models for accuracy instruction (R 2 ϭ.72, F(3, 58)ϭ49.21, PϽ0.001) and speed instruction (R 2 ϭ.79, F(3, 58)ϭ72.88, PϽ0.001) conditions were significant as both analyses revealed the expected significant effect for overall RT in the first step of the regression. However, no significant influences were present for fitness in the second step in either the accuracy, ⌬R 2 ϭ.01, F(1, 58)ϭ.51, Pϭ0.48, or speed, ⌬R 2 ϭ.01, F(1, 58)ϭ.95, Pϭ0.33, instruction conditions, suggesting that fitness was not associated with post-error RT in either instruction condition. Table 6 provides a summary of these regression analyses.
As with ERN amplitude, an additional hierarchical regression analysis was conducted to test whether fitness is related to the ability to flexibly modulate levels of cognitive control associated with task goals and parameters. In this analysis, post-error accuracy in the speed instruction condition was subtracted from post-error accuracy in the accuracy instruction condition for each participant due to the finding that post-error accuracy is greater in the accuracy condition compared with the speed condition. A larger value indicates a greater difference in post-error response accuracy across the accuracy and speed instruction conditions The overall regression model was significant (R 2 ϭ.09, F(2, 59)ϭ3.03, Pϭ0.05), with no significant effect for sex in the first step (adjusted R 2 ϭ.02, F(1, 60)ϭ2.13, Pϭ0.15), but a significant fitness effect in the second step, ⌬R 2 ϭ.06, F(1, 59)ϭ3.84, Pϭ0.05, indicating that higher fitness was associated with greater modulation of post-error accuracy across task conditions. Table 7 provides a summary of this regression analysis.
DISCUSSION
Our data suggest that fitness is beneficially related to action monitoring processes, and more specifically, to an increased flexibility in the implementation of cognitive control. In particular, we found a differential relationship between fitness and both neural and behavioral indices of action monitoring across task parameters as more fit individuals displayed larger ERN amplitudes and greater posterror accuracy under instructions stressing accuracy, but not under instructions stressing speed. These data suggest that higher fitness may be related to increased flexibility in the modulation of cognitive control to meet specific task demands and correct behavior, especially when performance accuracy is most salient. Further, higher levels of cardiorespiratory fitness were related to a greater difference in ERN amplitude and post-error accuracy across task conditions. These relationships speak not only to the differences inherent in tasks emphasizing speed or accuracy, but also to the increased cognitive flexibility associated with higher cardiorespiratory fitness as evidenced by neural and behavioral indices of self-regulatory action monitoring.
Fitness and post-error behavior
Beyond general behavioral performance, researchers have endeavored to understand what happens to behavior after an error takes place (Gehring et al., 1993; Kerns et al., 2004; Themanson et al., , 2008 . The fundamental goal of post-error adjustments is to improve subsequent performance, and the degree to which individuals are accurate following errors is a direct index of their ability to interact with the environment. This measure has been studied since the initial examinations of post-error behavior in cognitive psychology, and research has shown that accuracy improves following error commission (Rabbitt, 1966) . In the present investigation, fitness was related to increased post-error accuracy in the accuracy condition. This is consistent with the concept that fitness may facilitate the recruitment of cognitive control to meet desired outcomes as directed by task parameters. The current task placed importance upon different aspects of performance through modifications in task instructions, without any changes to the structure or difficulty of the task. In the accuracy condition, the most salient feature was response correctness. In the speed condition, the speed of responding was stressed. However, participants still performed the task accurately and were aware of their errors, as evidenced by post-error slowing in the speed condition. Given this context, when accuracy was stressed, cognitive control was amplified following an error to improve accuracy during subsequent performance. Thus, the main goal associated with task completion and the resultant fitnessrelated increase in cognitive control were consistent, which led to improved response accuracy. Conversely, when speed was emphasized, being correct was no longer the single highest priority associated with task completion. Another salient feature of the task was to respond quickly. However, the recruitment of cognitive control following error commission has been associated with a slowing of performance (Gehring and Knight, 2000; Kerns et al., 2004; Rabbitt, 1966) . Thus, the effects were inconsistent, as the faster responses associated with task instructions were countered by the slowing related to increases in cognitive control due to fitness.
Further, higher fitness was associated with an increased difference in post-error accuracy across task instruction conditions, with increased post-error accuracy in the accuracy condition than in the speed condition. This pattern of findings suggests that fitness may be related to the efficiency and effectiveness with which cognitive control is adapted to make requisite or desired adjustments in behavior following errors. Altering one's lifestyle to increase fitness appears to be one means through which individuals may improve their ability to adaptively recruit and implement cognitive control.
Fitness and ERN
In addition to post-error accuracy, our data show a relationship between fitness and ERN amplitude in the accuracy condition, with more fit individuals exhibiting greater ERN amplitudes. This finding extends the post-error accuracy finding described above to include neural measures of the increased ability of fit individuals to more effectively modulate cognitive control. The ERN component is believed to reflect the transmission of a negative reinforcement learning signal to the ACC (Holroyd and Coles, 2002) or the detection of conflict in the ACC (Botvinick et al., 2001; Carter et al., 1998; Yeung et al., 2004) . Thus, the ERN provides an index of the evaluative component of cognitive control MacDonald et al., 2000) . Analysis of the ERN component provides an indication of the extent to which these evaluative processes are implemented following the commission of an error. The present findings substantiate previous research that details a relationship between task parameters and ERN amplitude, with larger ERN amplitude for tasks or task components emphasizing accurate responses. This heightened response to errors is believed to reflect either the increased salience of an error (Gehring et al., 1993) or increased attentional focus (Yeung et al., 2004) when accuracy is stressed during task completion. Thus, the present findings suggest that higher levels of cardiorespiratory fitness are related to an augmentation of the detection signal indexed by the ERN above and beyond the influence of task parameters in situations where errors are most meaningful.
Beyond the relationship between fitness and ERN amplitude in the accuracy condition, higher cardiorespiratory fitness was also associated with an increased difference in ERN amplitude across task instruction conditions of the flanker task. Although previous research has investigated task-related influences on ERN amplitude (Gehring et al., 1993; Yeung et al., 2004) , no studies have examined factors that may influence the degree of ERN modulation across task instruction conditions. Cardiorespiratory fitness appears to be one factor that magnifies these taskrelated differences. Specifically, higher fitness was associated with greater cognitive flexibility inherent in the different instruction conditions, as indicated by a larger difference in ERN amplitudes during accuracy and speed instruction conditions. Thus, more fit individuals may implement cognitive control with greater specificity depending on task instructions. As a result of this increased adaptability of cognitive control, the difference in ERN amplitude across task conditions is heightened for these individuals. Previous research corroborates the present findings with evidence indicating decreased ERN amplitudes during tasks emphasizing the speed of behavioral responses for more physically active individuals as well as for individuals exhibiting higher levels of cardiorespiratory fitness compared with less-fit individuals . These findings are consistent with the interpretation that individuals with higher levels of fitness are more adept at flexibly exerting cognitive control during task execution in accord with task demands and intended behavioral outcomes.
Potential mechanisms
Since motivational and attentional aspects of cognitive processing were not assessed separately, the present study is unable to disentangle whether fitness influences either of these mechanisms or their relation to the modulation of ERN amplitude as a function of task instruction conditions. However, assessment of motivation and attention in collaboration with knowledge regarding potential mechanisms underlying the influence of fitness on cognitive function should provide a basis to explicitly test the differential ERN amplitude associated with task instruction conditions in future research.
At present, there appear to be several plausible mechanisms for the effect of fitness on cognitive function. In humans, aerobic fitness training and cross-sectional differences in fitness have been related to larger volumes of anterior white matter and prefrontal and temporal gray matter (Colcombe et al., 2004 (Colcombe et al., , 2006 as well as increased cerebral blood volume (CBV) in the dentate gyrus of the hippocampus (Pereira et al., 2007) . Further, a large body of animal research has demonstrated relationships between aerobic exercise and increased levels of neurochemicals associated with neuronal survival and brain plasticity. These chemicals include dopamine (Spirduso and Farrar, 1981 ), brain-derived neurotrophic factor (BDNF; Neeper et al., 1995) and insulin-like growth factor 1 (IGF-1; Carro et al., 2001) as well as others (Dishman et al., 2006) . Finally, additional evidence has related increased cell proliferation and survival in the hippocampus with exercise van Praag et al., 1999) , which has implications for enhanced learning and memory.
Additional explanations for the influence of fitness on cognitive function are less focused on changes in the structure and function of neuronal systems, but rather relate to other influences of fitness on performance and motor competency (Castelli and Valley, 2007) . For instance, individuals who are more fit or more experienced with physical activity may have developed greater expertise in movement domains, as a result of automaticity or improved attentional flexibility. Classical research supports this notion as the relation of fitness to both central and peripheral components of movement time has been observed (Clarkson, 1978; Clarkson and Kroll, 1978; Baylor and Spirduso, 1988) . Thus, fitness may be related to an increased ability to control one's body to move and perform as intended. Still, other alternative explanations suggest that emotion, and anxiety in particular, may have an adverse relationship with cognitive performance (Eysenck et al., 2007) . Given the well-established association between aerobic activity and reduced anxiety (Petruzzello et al., 1991) , fitness effects on cognitive function may be related to these anxiolytic effects. Clearly, future efforts should aim to disentangle the various mechanisms to better understand how fitness influences cognition.
Limitations
Although we report on interesting relationships among fitness and behavioral and neural indices of action monitoring, there are a number of limitations to the present study. For example, while our analyses were able to determine the extent to which fitness was independently associated with post-error behavior and ERN amplitude, it is important to clarify that no causal relationships are being proposed. The cross-sectional nature of the study, as well as the lack of random assignment to levels of fitness, limits the strength of the findings because the effects may be attributable to other factors, including differences in personality, motivation, or anxiety. However, multiple demographic factors were assessed (sex, age, BMI, and IQ), which helps to reduce these variables as potential influences on the fitness findings. Future examinations employing experimental designs to manipulate fitness levels are warranted as are studies examining key variables that may moderate or mediate fitness effects on neural and behavioral indices of action monitoring. Finally, future research should implement a broader array of cognitive measures to more completely assess the relationships between fitness and indices of cognitive control and specifically test potential mechanisms for their impact on the relationship between fitness and cognitive function.
CONCLUSIONS
In summary, our results suggest that cardiorespiratory fitness may be one modifiable lifestyle factor that leads to increased cognitive health in relation to action monitoring and post-error adjustments in behavior. Notably, higher levels of cardiorespiratory fitness may be related to an individual's improved ability to flexibly modulate and implement cognitive control to meet specific task parameters and internal intentions. Evidence for this benefit exists both in relation to post-error behavior and neural indices of cognitive processes associated with behavioral missteps. These data not only suggest a specific and powerful relationship between fitness and cognitive control processes, but they also reveal improvements in a healthy young adult population, suggesting that fitness can benefit those who are at their cognitive peak Salthouse and Davis, 2006) and may provide a readily available means for improving cognitive flexibility and behavioral adjustments to more appropriately meet task demands or intended goals.
